Akt (protein kinase B) and mammalian target of rapamycin (mTOR) have been implicated in the pathogenesis of cell death and cognitive outcome after cerebral contusion in mice; however, a role for Akt/mTOR in concussive brain injury has not been well characterized. In a mouse closed head injury (CHI) concussion traumatic brain injury (TBI) model, phosphorylation of Akt (p-Akt), mTOR (p-mTOR), and S6RP (p-S6RP) was increased by 24 hours in cortical and hippocampal brain homogenates (Po0.05 versus sham for each), and p-S6RP was robustly induced in IBA-1 þ microglia and glial fibrillary acidic protein-positive (GFAP þ ) astrocytes. Pretreatment with inhibitors of Akt or mTOR individually by the intracerebroventricular route reduced phosphorylation of their respective direct substrates FOXO1 (Po0.05) or S6RP (Po0.05) after CHI, confirming the activity of inhibitors. Rapamycin pretreatment significantly worsened hidden platform (Po0.01) and probe trial (Po0.05) performance in CHI mice. Intracerebroventricular administration of necrostatin-1 (Nec-1) before CHI increased hippocampal Akt and S6RP phosphorylation and improved place learning (probe trials, Po0.001 versus vehicle), whereas co-administration of rapamycin or Akt inhibitor with Nec-1 eliminated improved probe trial performance. These data suggest a beneficial role for Akt/mTOR signaling after concussion TBI independent of cell death that may contribute to improved outcome by Nec-1.
INTRODUCTION
Concussion traumatic brain injury (TBI) is a significant public health problem affecting millions of civilians with sports injuries and thousands of war fighters with blast TBI. 1, 2 Even a single concussion can cause prolonged neurologic deficits and accumulation of beta-amyloid plaques in brain, whereas repeated concussions may result in permanent cognitive dysfunction, psychiatric disorders, and pathologic changes in the brain, known as chronic traumatic encephalopathy. 3, 4 No specific therapy exists to treat or prevent neurologic sequelae of concussion, in part because of incomplete understanding of the specific mechanisms that lead to neurologic dysfunction. 4, 5 Akt (protein kinase B) and mammalian target of rapamycin (mTOR) are protein kinases involved in translation, transcription, metabolism, and other cellular homeostatic functions. 6 mTOR exists in two distinct multi-protein complexes, mTOR complex 1 (mTORC1; inhibited by rapamycin) and mTORC2 (rapamycin insensitive). 6 Akt is activated by phosphorylation of Thr 308 by phosphoinositide-dependent kinase-1 and of Ser 473 by mTOR Complex 2 (mTORC2), whereas mTORC1 is activated in part by Akt as well as Akt-independent mechanisms. Direct substrates of Akt include Ser9 of glycogen synthase kinase-3 beta and Thr24, Ser256, and Ser319 of FoxO1 transcription factor, 7 whereas the Ser235/236 site in S6 kinase is a direct target of p70S6K, a substrate of mTORC1. mTOR regulates translation at the synapse and plays an important role in the physiology of normal learning and memory; 8 dysregulation of mTOR activity is associated with synaptic dysfunction and impaired cognition in mice and humans with fragile X syndrome and other neurodevelopmental disorders. [9] [10] [11] [12] However, phosphorylation of Akt and mTOR and their direct substrates occurs in contused mouse brain, and pharmacological inhibition of Akt and mTOR together improves post-injury cognitive outcome after controlled cortical impact (CCI) in mice. 13 The aforementioned observations, along with other studies showing beneficial effects of rapamycin, suggest a detrimental role for acute induction of Akt and mTOR in cerebral contusion models. [13] [14] [15] However, whether the same is true for concussion TBI is unknown. In a prior study of cerebral concussion using a weight drop model, Rubovitch et al. 16 showed increased phosphorylation of Akt in the hippocampus, but no effect of indirect inhibition of Akt phosphorylation on cognitive outcome. 16 Necrostatin-1 (Nec-1) is a small-molecule inhibitor of receptorinteracting protein kinase-1, a serine/threonine kinase that mediates programmed necrosis and inflammation. 17 We previously showed that in a cell death TBI model Nec-1 inhibits microglial inflammation and improves cognitive outcome. 18 Receptor interacting protein kinase-1 (RIPK1) has also been reported to link Akt activation with Toll-like receptor 4 signaling in non-neural cell types independent of cell death, 19 and Akt activation acts downstream of RIPK1 and is required for tumor necrosis factor alpha production during programmed necrosis in non-neural cells. 20 These studies suggest a linkage between RIPK1 and Akt. As our closed head injury (CHI) model is devoid of neuronal cell death and features microgliosis as well as tumor necrosis factor induction, 21 this model presents a unique opportunity to examine a possible non-cell death role for Nec-1 in the pathogenesis of concussion TBI.
The purpose of the current study was to determine whether Akt and mTOR activation occurs after concussive TBI in a model devoid of acute cell death, 21 and whether these pathways might contribute to postinjury cognitive outcome. In addition, we sought to examine whether Nec-1 may have beneficial effects on outcomes related to Akt activation. We hypothesized that concussive TBI would lead to phosphorylation of Akt and mTOR and their respective downstream substrates, and that pharmacological inhibition of Akt and mTOR would improve cognitive outcome as previously reported after CCI in mice. 13 
MATERIALS AND METHODS Animals
All experimental protocols were approved by the Massachusetts General Hospital Institutional Animal Care and Use Committee and conducted according to the National Institutes of Health guide for the care and use of laboratory animals. Studies were performed using adult (8-12 weeks, 25-30 g) male C57/BL6 mice (Jackson Laboratories, Bar Harbor, ME, USA). Mice were housed in a pathogen-free environment with 12-hour day night cycles. For all experiments, mice were randomly allocated to experimental groups before CHI, and experimenters were masked to treatment groups during production of CHI and behavioral testing.
Mouse Closed Head Injury Concussion Model
Closed head injury simulating concussion TBI was induced as previously reported. 21 Mice were anesthetized with 4% isoflurane (Anaquest, Memphis, TN, USA) for 45 seconds in a 70% N 2 O-30% O 2 Fluotec 3 vaporizer (Colonial Medical, Amherst, NH, USA). Mice were placed on a Kimwipe (Kimberly-Clark, Irving, TX, USA) and grasped by the tail. The head was positioned under a hollow tube (length 66 inches; diameter 10 mm). A 54 g metal bolt was dropped on the head between the coronal and lambdoid sutures, whereupon the mouse head readily penetrated the Kimwipe and rotated downward in the anterior-posterior plane. The control group consisted of age-matched sham-injured mice (anesthesia but no weight drop). Injured mice were recovered in room air in their cages. The model does not produce hypoxia or hypotension, edema, blood-brain barrier damage, or acute and chronic cell death/tissue loss, and mice regain consciousness typically within 2-7 minutes after injury. 21 
Western Blotting
After CHI or sham injury, brains were removed and hippocampi and cortices were carefully dissected and frozen in liquid nitrogen. Brain tissue was homogenized in RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS, Boston BioProducts, Ashland, MA, USA) plus protease inhibitor (Roche, Indianapolis, IN, USA) and phosphatase inhibitor (Roche) immediately before use. Samples were centrifuged at 10,000 g for 10 minutes and supernatants obtained. Protein concentration was measured using the DCTM protein assay (Bio-Rad, Richmond, CA, USA). Samples were run in precast 3-8% Tris-acetate or 10% Tris-HCl gels (Bio-Rad) and semi-dry transferred onto polyvinylidene fluoride membranes. After blocking in 5% non-fat milk for 1 hour, membranes were incubated overnight at 4 1C with primary antibodies (Cell Signaling, Beverly, MA, USA) against phospho (ser235/236)-S6RP (1:1000), phospho (Ser473)-Akt (1:750), phospho (Ser2448)-mTOR (1:1000), phospho (Ser256)-FoxO1 (1:1000), S6RP (1:1500), Akt (1:1000), or mTOR (1:1000). Horseradish peroxidase-conjugated secondary antibody was used for ECL-plus (GE Healthcare, Woburn, MA, USA) detection. The results were normalized to b-actin (1:5000, Abcam, Cambridge, MA, USA). Relative optical densities for protein bands were determined using image analysis (Kodak Image Station, Rochester, NY, USA). For all experiments, a minimum of n ¼ 3 mice/ condition were studied.
Preparation of Brain Tissue for Immunohistochemistry
Mice were killed under deep anesthesia by transcardial perfusion with 4% paraformaldehyde in phosphate-buffered saline pH 7.4. Brains were postfixed in 4% paraformaldehyde for 24 hours and cryoprotected in 25% sucrose for 24 hours at room temperature. Brains were then frozen and sectioned on a cryostat (12 mm).
Immunohistochemistry
Sections were boiled in antigen unmasking solution (Vector Laboratories, Burlingame, CA, USA) for 15 minutes, rinsed in phosphate-buffered saline, and blocked with 10% normal donkey serum for 2 hours at room temperature. Sections were incubated overnight at 4 1C with antibody against phospho (ser245/236)-S6RP (1:250), followed by Cy3-conjugated anti-rabbit secondary antibody. For double staining, sections were reacted with mouse anti-mouse NeuN-FITC (1:400, Millipore, Danvers, MA, USA) or mouse anti-IBA-1 (1:300, Abcam), followed by incubation with fluorescence-conjugated secondary antibodies (Cy2-conjugated anti-mouse IgG; 1:300, Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Mouse monoclonal anti-glial fibrillary acidic protein antibody (1:2000; Sigma, St Louis, MO, USA) was used to detect astrocytes. Images were photographed using a Nikon Eclipse Ti-S fluorescence microscope.
Administration of Rapamycin, Akt inhibitor, and Necrostatin-1
Mice were anesthetized and administered rapamycin (1.25 or 12.5 mM; EMD Millipore, Billerica, MA, USA), Akt inhibitor viii (1.25 or 12.5 mM, EMD Millipore, a selective Akt 1 and Akt 2 isoform inhibitor), or 7-Cl-O-Nec-1 (4 mM, a kind gift of Greg Cuny 18 ), or an equal volume of vehicle (4 mL) in each cerebral ventricle immediately before sham or CHI as previously described. 22 The rationale for administering Nec-1 or Akt/mTOR inhibitors directly into the brain was to better ascertain their effects on brain Akt/ mTOR signaling and cognitive function while avoiding potential systemic toxicity and possible limitations of drug delivery across the blood-brain barrier. Pre-injury administration was used to establish proof of concept that Akt/mTOR signaling plays a role in recovery after concussion TBI without having to deal with therapeutic window considerations at the early stages of investigation in the CHI model.
Evaluation of Spatial Learning and Memory
The Morris water maze (MWM) was used to evaluate spatial learning and memory as previously described. 21 Testing was started 72 hours post injury, and completed by 4 days after injury. The apparatus consisted of a white pool 83 cm in diameter and 60 cm deep, filled with water to a depth of 29 cm. Highly visible cues were positioned on the walls of the tank and around the room. Water temperature was maintained at 251C. A clear plexiglass goal platform 10 cm in diameter was positioned 0.5 cm below the surface of the water B15 cm from the southwest wall. Each mouse was subjected to a series of 1-2 trials per day. For each trial, mice were randomized to one of four starting locations (North, South, East, and West) and placed in the pool facing the wall. The maximum time allotted to find the submerged platform was 90 seconds. If the mouse failed to reach the platform within this time it was placed on the platform by the experimenter and allowed to remain there for 10 seconds. Two sets of visible platform trials were performed, with the goal platform raised 0.5 cm above the water and clearly marked with a red tape. For probe trials, mice were placed in the tank opposite the target quadrant and the time spent in the target quadrant was quantified (60 seconds maximum). Mice were subjected to two hidden platform trials on test days 1 and 2, and one hidden platform trial on test day 3. On test day 3, a probe trial was done 2-3 hours after the fifth hidden platform trial. Both visible platform trials were done on test day 3 or 4.
Statistical Analyses
Data are mean ± s.e.m.. Analyses were performed using Graphpad Prism 6 (San Diego, CA, USA) or SAS software (Cary, NC, USA). To assess the effects of CHI versus sham injury on MWM performance, a repeated-measures analysis of variance (RM ANOVA) mixed model accounting for sham/CHI 
RESULTS
All mice survived CHI and the experimental period. Figure 1 shows expression of phosphorylated Akt, mTOR, and S6RP in the injured cortex and hippocampus after CHI. Compared with sham injury, p-Akt was induced in the injured cortex at 6 and 24 hours, whereas p-S6RP was induced at 24 hours ( Figures 1A and 1C ). In the injured hippocampus, p-Akt was modestly induced at 6 hours and robustly expressed at 24 hours, whereas marked induction of p-mTOR and p-S6RP also occurred at 24 hours ( Figures 1C and 1D ).
No changes in total Akt or S6RP were observed between sham injured and CHI mice at 24 hours in the cortex or hippocampus; however, total mTOR was increased in the cortex (Po0.05) and hippocampus (Po0.02) at 24 hours after CHI ( Figure 2 ). In sham-injured mice, p-S6RP was detected in cells with morphology of neurons in the cortex, CA3, and dentate gyrus, and was induced in cells with morphology of glia in CA3 and the dentate gyrus of injured mice ( Figure 3A ). Co-localization experiments confirmed expression of phospho-S6RP in NeuN þ neurons, IBA-1 þ microglia, and glial fibrillary acidic proteinpositive (GFAP þ ) astrocytes in the injured hippocampus and cortex ( Figure 2B and data not shown). Thus, glial cells and neurons in the cortex and hippocampus were a prominent source of p-S6RP after CHI.
To determine a possible functional role for Akt and mTOR signaling after CHI, we administered rapamycin, an inhibitor of mTORC1, 6 Akt inhibitor viii, or vehicle to mice before CHI or sham injury and performed MWM testing (days 3-6) or western blot analyses (day 1) of Akt and mTOR substrates in the hippocampi. We chose doses of inhibitors based on our prior experience in a CCI model 13 and their ability to inhibit substrate phosphorylation at 24 hours after CHI ( Figure 4 ). As expected, treatment with rapamycin (12.5 mmol/L) reduced phosphorylation of S6RP but not Akt ( Figures 4A and 4B ), whereas treatment with Akt inhibitor viii Figures 4C and 4D ). Neither rapamycin nor Akt inhibitor viii administered at 1.25 mmol/L had any effect on phosphorylation of their respective substrates ( Figure 4E and densitometry data not shown), confirming the dose-dependent in vivo activity of rapamycin and Akt inhibitor viii.
We next examined MWM performance in sham-injured and CHI mice treated with vehicle, rapamycin (12.5 mmol/L), or Akt inhibitor viii (12.5 mmol/L). Using a mixed-model RM ANOVA accounting for injury status (sham versus CHI) and three treatment groups (Akt viii, rapamycin, or vehicle) without interaction, a significant effect of CHI on hidden platform trials was observed (Po0.01 for CHI versus sham injury). In sham-injured mice, MWM performance (hidden or visible platform trials) did not differ among vehicle-, Akt inhibitor viii-, or rapamycin-treated groups ( Figure 5A ). In CHI mice, treatment groups were significantly different (P ¼ 0.0031 RM ANOVA) but only rapamycin administration significantly worsened the performance in hidden platform (Po0.01 versus vehicle, Dunnett's test) and probe trials (Po0.05 versus vehicle, ANOVA and Dunnett's test)( Figure 5B ). In contrast, treatment with Akt inhibitor viii had no effect on hidden or visible platform or probe trials (P ¼ 0.06) in CHI mice ( Figure 5B ).
Previous studies from our laboratory showed a beneficial effect of Nec-1 on cognitive outcome after experimental contusion in mice. 18 To evaluate Nec-1 in our concussion model, we administered Nec-1 to mice before sham or CHI and assessed Akt/ S6RP phosphorylation and MWM performance. In sham-injured mice, Nec-1 treatment had no effect on pAkt or pS6RP expression in the cortex or hippocampus ( Figures 6A-C) . In CHI mice, treatment with Nec-1 increased phosphorylation of Akt and S6RP compared with vehicle in the hippocampus, but not cortex. Necrostatin-1 treatment did not affect total Akt or S6 protein expression in the hippocampus after CHI ( Figure 6A ) (densitometry S6RP: CHI Nec-1, 86 þ 17%; CHI Veh, 92 þ 26% beta actin, P ¼ 0.83, n ¼ 5-6/group; densitometry Akt: CHI Nec-1, 74 þ 11%; CHI Veh, 75 þ 8% beta actin, P ¼ 0.96, n ¼ 3/group). In CHI mice, co-administration of Akt inhibitor viii with Nec-1 did not affect the Nec-1-mediated increase in hippocampal Akt and S6RP phosphorylation ( Figures 6C and 6D ). However, co-administration of rapamycin with Nec-1 inhibited the Nec-1-induced phosphorylation of S6RP, but not Akt, in injured hippocampus ( Figures 6E and 6F) .
To assess a functional role for Nec-1 in recovery after CHI, shaminjured and CHI mice were administered Nec-1, vehicle, or combinations of Nec-1/Akt inhibitor viii or Nec-1/rapamycin and subjected to MWM testing 3 days later. In sham-injured mice, no effect of Nec-1 or combined inhibitors with Nec-1 was observed in hidden, visible platform, or probe trials compared with vehicletreated shams ( Figure 7A ). In CHI mice, treatment with Nec-1 alone had no effect on hidden or visible platform performance, but significantly improved post-injury probe trial scores compared with vehicle controls (Figures 7C and 7D ). However, probe trial performance was reduced to chance levels in CHI mice treated with Nec-1 þ Akt inhibitor viii or Nec-1 þ rapamycin ( Figure 7D ). 
DISCUSSION
Despite a rapidly growing awareness of the importance of concussion TBI as a public health problem, 23 specific molecular mechanisms leading to concussion-induced neurological dysfunction remain to be identified. 4, 5 We found that CHI induced phosphorylation of Akt and mTOR and their direct downstream substrates FOXO1 and S6RP, respectively, in cortical and hippocampal brain homogenates. Expression of p-S6RP was upregulated in hippocampal Iba-1-reactive microglia and GFAPreactive astrocytes and was detected in neurons in both brain regions. Pharmacological inhibitors of Akt and mTOR reduced phosphorylation of their intended targets, and rapamycin impaired cognitive function after CHI. The beneficial effects of Nec-1 on post-injury cognitive recovery were associated with increased phosphorylation of Akt and S6RP, and were abrogated by co-administration of Akt inhibitor viii or rapamycin. In striking contrast to our previous findings in a CCI model, 13 the data suggest a protective role for Akt and mTOR pathways after concussive TBI. Closed head injury used herein models specific features of human concussion, including impact and rotational accelerationdeceleration forces, loss of consciousness, neuroinflammation, and cognitive deficits; 24, 25 however, this model does not induce detectable acute cell death or chronic brain tissue loss. 21 Although Akt and mTOR activation have been noted in a number of TBI models, 13, 15, 16 the current study is the first to our knowledge to examine Akt/mTOR in a concussion model devoid of neuronal cell death. Akt activation in the brain following TBI is mainly considered in the context of limiting apoptosis. 26 The current study demonstrates that Akt/mTOR activation may be a beneficial response to concussion (impact and inertial forces) independent of focal injury and acute cell death.
Similar to our previous report in a mouse CCI model, 13 phosphorylation of Akt-473 and S6RP was induced after CHI in the cortex and hippocampus. p-Akt-473 was modestly but significantly increased in the cortex at 6 hours, whereas p-S6RP was strongly induced at 24 hours in both regions (Figure 1 ). These findings, along with the observation that Akt inhibitor viii blocked CHI-induced phosphorylation of S6RP ( Figures 4C and 4D) , are consistent with activation of AKT and mTOR in the CHI model. In contrast, both Akt and mTOR pathways were strongly induced by 4 hours after CCI. 13 In two other CHI models, Akt phosphorylation was induced in the hippocampus between 1 and 24 hours in mice, 16 but only transiently at 1 hour after diffuse brain injury in rats, 27 whereas mTOR activation was reported from 30 minutes to 24 hours after fluid percussion in rats. 28 Thus, activation of Akt and mTOR is a generalized feature of TBI, 29 but their exact temporal course is model-specific.
Rapamycin (but not Akt inhibitor viii) impaired cognitive function after CHI, with rapamycin-treated mice performing worse in hidden platform and probe trials. These data suggest that mTOR more so than Akt might be critical for recovery of cognitive function after CHI. In contrast, in a CCI model, AKT/mTOR inhibitors improved the outcome only when administered together, but had no effect when given alone. 13 Because probe trials are a measure of hippocampus-dependent spatial memory function, we focused our biochemical analyses of Akt and mTOR pathways in this brain region. As expected, administration of rapamycin inhibited CHI-induced phosphorylation of S6RP, a direct substrate of mTOR, but not Akt-473, which is phosphorylated by the rapamycin-insensitive mTORC2. 6 Administration of Akt inhibitor viii reduced phosphorylation of FOXO1 (a direct Akt substrate), and S6RP, consistent with mTORC1 as a substrate for Akt. 6 Thus, intracerebroventricular administration of Akt and mTOR inhibitors in doses similar to those previously reported by us 13 inhibited phosphorylation of their respective targets with activity at 12.5 but not 1.25 mmol/L (Figure 4 ).
One obvious difference between CCI and CHI is the presence of cell death in CCI. It is possible that our data may be revealing differential roles of Akt pathways in brain function versus cell death. In TBI accompanied by significant necrosis, inhibition of cell death by targeting Akt/mTOR may result in overall benefit. 20 In the case of no cell death (CHI), Akt/mTOR may promote recovery of brain function and inhibition may be detrimental.
How might Akt and mTOR contribute to recovery after concussive TBI? In neurons, inhibition of Akt/mTOR might be expected to impair synaptic protein synthesis needed for normal learning and memory. 30 Regulated Akt and mTOR signaling is critical for synaptic plasticity mechanisms, 30 and several genetic disorders with impaired cognition feature dysregulated Akt/mTOR activation. 31 Transient activation of Akt/mTOR by NMDA and TrkB receptors is required for long-term potentiation of synaptic transmission, however constitutive overexpression of Akt in CA1 is detrimental to learning in rats, possibly because of loss of temporal regulation of Akt. 30, 32 Akt can also modulate NMDA/TrkB receptor signaling leading to increased calcium influx after NMDA and BDNF stimulation. 33 Akt and/or mTOR might also facilitate normal learning through NMDA, AMPA, and other receptor trafficking or phosphorylation. [34] [35] [36] Thus, from a neuron-centric view, inhibition of Akt/mTOR after CHI, and even in sham-injured animals, might be expected to have detrimental effects on learning and memory. However, we did not observe deficits in sham-injured mice, perhaps because inhibitors were no longer present in the brain by the time MWM testing was begun (72 hours after ICV injection). Rather, our findings suggest that rapamycin interacts with CHI to produce detrimental effects on cognition in the recovery phase, perhaps through neuronal mechanisms or others.
The finding that Akt/mTOR pathways are activated after CHI in the hippocampus (Figures 1 and 2) , a site for significant morphological activation of astrocytes and microglia, 21 and that administration of rapamycin worsens hidden platform and probe trial performance ( Figure 5 ), suggests that glia-specific protein synthesis (mediated by Akt/mTOR) may also contribute to cognitive outcome after CHI. In normal (uninjured) brain, microglia and astrocytes contribute in distinct ways to synaptic function, learning, and memory. Microglia continuously survey adult neuronal synapses 37 and release BDNF to regulate synaptic function and learning, 38 whereas astrocytes play an active role in neuronal plasticity by releasing neurotransmitters that modulate synaptic activity and function. 39 Microglia are hypothesized to mediate cognitive dysfunction after TBI, 40 but how glial cells respond to concussive TBI is not well understood, and it is possible that glial Akt/mTOR activation is a reactive beneficial response to limit cognitive synaptic dysfunction after CHI. The data presented herein using rapamycin (which inhibited mTOR activation) support this possibility. However, whether glia versus neuronal mechanisms predominate in this response remains to be determined.
A novel finding of the current study is that Nec-1, a specific inhibitor of RIPK1, 17 improved probe trial performance after CHI (Figure 7 ). This finding presents a possible new direction in therapy for concussion TBI. Necrostatin-1 prevents RIPK1-mediated necrosis in susceptible cell lines and reduces cognitive deficits Although all sham-injured groups learned the task (Po0.001 for time, hidden and visible platform trials), no differences in hidden (P ¼ 0.37 for group, repeated-measures ANOVA (RM ANOVA)) or visible platform (P ¼ 0.16 for group, RM ANOVA), or probe trials (P ¼ 0.4 ANOVA, B) were observed. (C, D) Of the CHI groups (n ¼ 18/ group), all mice learned the hidden platform paradigms (Po0.001 for time in each group). In the RM ANOVA used to evaluate treatment effects there was a significant group effect (P ¼ 0.0031). In post hoc analyses, rapamycin-treated mice performed significantly worse than vehicle-treated mice in hidden platform (Po0.01 Dunnett's test) and probe trials (Po0.05 ANOVA and *Po0.05 Dunnett's test, D). No differences in visible platform performance were noted among CHI groups (P ¼ 0.71 for group) and no differences in hidden, visible platform, or probe trials were noted between CHI-VEH and CHI-Akt viii groups. after CCI; 17, 18 however, Nec-1 has not been reported in a non-cell death TBI model. The current study suggests a possible link between the beneficial effects of Nec-1 on cognitive function and augmentation of Akt/mTOR signaling after CHI, a finding that lends support to the possibility that Akt/mTOR signaling is a protective response to CHI. Of note, in the presence of Nec-1, Akt inhibitor viii impaired Nec-1-mediated place memory gains after CHI but did not inhibit increased phosphorylation of S6RP (compare Figures 4 and 6 ), suggesting that increased mTOR activity alone is not sufficient for the beneficial effects of Nec-1 in Figure 6 . Necrostatin-1 administration increases Akt (protein kinase B) and S6 phosphorylation after closed head injury (CHI). (A) Administration of necrostatin-1 (Nec-1) before CHI had no effect on Akt or S6 phosphorylation in the cortex in sham or CHI mice, but pretreatment with Nec-1 increased phosphorylation of Akt-473 and S6RP in hippocampal brain homogenates at 24 hours after CHI. After CHI, Nec-1 administration did not increase total Akt (P ¼ 0.96, n ¼ 3/group) or total S6 (P ¼ 0.83 versus Veh, n ¼ 5-6/group) in the hippocampus. the CHI model, and that another Akt substrate might be more important in this regard. Alternatively, Nec-1 inhibition of RIPK1, a serine/threonine kinase, might affect phosphorylation and function of glutamatergic receptors, although direct RIPK1 substrates are largely unknown. Traumatic brain injury is a heterogeneous disease with pathoanatomic features that are injury mechanism-dependent, and it is not surprising that certain molecular pathways may be detrimental in one type of injury (e.g., Akt/mTOR in focal contusion) and beneficial in another (e.g., concussive TBI). The current findings have potential treatment implications for TBI patients and design of clinical trials: Akt and mTOR inhibitors might improve outcome in patients with cerebral contusion, 13 but their use could be detrimental in patients with concussive or 'diffuse' TBI. 21 In patients with both concussive and contusion injury subtypes, the net result of Akt/mTOR inhibition on postinjury cognitive function may be unpredictable. The current study underscores the importance of testing small-molecule inhibitors in diverse preclinical models with different pathoanatomic subtypes to help inform clinical trials for patients with TBI.
This study has a number of important limitations. The pharmacological agents used herein may have off-target effects; thus we cannot prove a functional role for RIPK1, Akt, and/or mTOR with pharmacological means alone. We did not perform detailed dose-response studies of inhibitors beyond the two doses reported; therefore we may have missed the optimal inhibiting dose of Akt inhibitor viii or rapamycin. A genetic strategy allowing for cell-specific, temporally controlled gene knockdown or inhibition is needed to validate the functional roles of these molecules in concussion. Second, the clinical translation of findings herein is limited by intracerebroventricular administration of inhibitors before injury. Thus, it is impossible to know whether systemic and/or post-treatment administration would be able to produce the same effects. Third, the CHI model used produces a mild cognitive phenotype, making it difficult to show the positive effects of pharmacological agents. A more severe model would be more suitable to show a beneficial effect of treatments on hidden platform trials. Nonetheless, the current study is the first that we know of to provide a detailed analysis of Akt/mTOR pathway activation independent of cell death in a concussion TBI model. Future studies using systemic administration of RIPK1 inhibitors pre-or post-injury will set the stage for development of therapeutics designed to limit cognitive deficits after concussion TBI, for which no specific therapy currently exists.
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